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Highlights 
 The effect of electrolytes in bioelectrochemistry is presented. 
 The Hofmeister effect and the most recent experimental and theoretical work on specific ion 
effects are described. 
 The research challenges and the importance of choosing the most appropriate electrolyte for 
bionsensors and biofuel cells have been reviewed.  
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ABSTRACT 
  
The electrolytes used in enzymatic biosensors or biofuel cells have always been considered to be 
inert. However, recent studies have demonstrated that this assumption is not correct and that the 
nature of the electrolyte needs to be considered. Ion specific interactions can occur with the 
faradaic response observed in both direct and mediated electron transfer being modulated by the 
nature of the salt used in solution. Specific ion effects arise from the Hofmeister series, which is 
well established in studies of protein systems but not in electrochemical studies of redox 
enzymes. Recent experimental and theoretical work on explaining the  Hofmeister effect is 
described.  
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1. Introduction  
 The development of electrochemical biosensors has been of significant interest [1-3], 
primarily due to the large clinical market for glucose monitoring devices. The development of 
biofuel cells is similarly of interest, even though commercially viable systems are not yet 
available. The major challenges in the successful development of enzymatic electrochemical 
systems are in achieving high rates of electron transfer between the enzyme and the electrode, 
and overcoming barriers such as sufficient rates of mass transport and enzyme activity and 
stability over prolonged periods of time. Mass transport can occur via diffusion, convection and 
migration. In order to limit mass transport effects solely to diffusion, convection effects are 
minimised by controlling the temperature in quiescent solution. The addition of  supporting 
electrolyte at a sufficient concentration is essential [4] in order to minimise ion migration 
phenomena. In principle, any ionic compound that can dissociate in the solvent of interest can 
serve as a supporting electrolyte, with the most commonly used supporting electrolytes 
comprised of anions such as Cl
-
, ClO4
–
, SO4
2– 
or NO3
– 
and cations such as Na
+
, K
+
, or Li
+
. The 
concentration of supporting electrolyte typically varies between 0.1 and 1 M.  The supporting 
electrolyte is generally considered to be inert and does not interact with the electroactive species 
[5], an assumption that is not usually correct. For example, in the case of redox enzymes, 
specific ion–protein interactions can modify the response [6]. Such specific effects of the 
electrolytes can be explained by the Hofmeister effect [7, 8]  with anions and cations classified 
on the basis of their ability to precipitate (salting out) or solubilise (salting in) ovoalbumin:  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
4 
 
 
Scheme 1: Anionic and cationic Hofmesister series with ions ordered on the basis of their ability to precipitate (salt 
out) or solubilise (salt in) ovoalbumin  
The Hofmeister effect has been reported in a wide range of systems [9].  In the case of enzymes 
and proteins, ion specificity affects enzymatic activity in water [10-12] and in ionic liquids [13], 
and influences protein aggregation [14, 15], surface charge [16, 17], Brownian motion [18]* and 
electrophoretic mobility [19, 20] amongst other effects[21-27]. Such effects clearly demonstrate 
that the assumption that the supporting electrolyte is inert is not valid and that the choice of 
electrolyte needs to be carefully considered [28]. A number of reports have shown that 
electrolytes affect the enzymatic activity of a range of types of enzymes including hydrolase [29] 
and redox [30-32] enzymes. Such changes indicate that specific ion effects occur at the active 
site in a manner specific to each enzyme and may account for the  [12] different specific ion 
effects. However, while there is an increasing awareness of the importance of ion specific effects 
in proteins, [33] only a limited number of bioelectrochemical studies have been reported. 
Understanding how ions specifically affect the interactions between enzymes and the electrode 
surface is important in maximising the performance of biosensors and biofuel cells. The effects 
of electrolytes in bioelectrochemistry will be discussed first, prior to focusing on Hofmeister 
effects.   
 
2. Examples of ion specificity in bioelectrochemistry 
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2.1 Cytochrome c 
Cytochrome c (cyt c) is an electron transport protein that has been widely used as a model 
system in electron transfer in proteins. Ugo et al. investigated the effect of three cations on the 
electrochemical properties of cyt c [34]. While no specific ion effect would be expected, the 
reduction peak current was strongly dependent on the nature of the cation (Na
+
/K
+
/Rb
+
) and on 
the ionic strength. The highest and lowest responses were obtained with Na
+
 and Rb
+
, 
respectively.  
 
 
 
 
 
 
 
Figure 1:  (A) Representation of the heme region of cyt c.  Plot of peak current obtained with cyt c at a bipyridyl 
modified gold electrode in the presence of a range of anions (B) and cations (C). Reprinted with permission from 
Ref. [27] Copyright Royal Society of Chemistry, 2015.    
The faradaic response of cyt c [35] at a 4,4‟-bypyridyl modified gold electrode (Figure 1) 
demonstrated that anions followed the Hofmeister series with the exception of F
- 
, while cations 
displayed a “bell-shaped” response (Li+ < Gn+ < Na+ < K+ < Cs+),  the latter trend has been 
reported in other studies [15, 31, 36]*. 
A 
B C 
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2.2 Glucose oxidase  
Glucose oxidase (GOx) is extensively used in commercially available electrochemical 
bionsensors (market of €10 billion per annum) [37]. GOx is a dimeric enzyme composed of two 
subunits, each containing a flavin adenine dinucleotide cofactor (FAD). When ferrocene 
methanol was used a mediator, the nature of the supporting electrolyte strongly influenced the 
electrochemical response, with a 24% difference in the faradaic current observed when NaCl 
was replaced by KCl, two of the most commonly used supporting electrolytes. The anionic 
influence on the catalytic current followed the Hofmeister series, while the cation series 
displayed a bell shaped trend as observed with cyt c [35]. 
 
Figure 3: Specific anion (A) and cation (B) effects on cyclic voltammograms (50 mVs
-1
) of ferrocene-MeOH (1 
mM) in a solution of TRIS-Buffer (10 mM pH 7.2) containing GOx (500 U mL
-1
), glucose (200 mM) and  salt (200 
mM). Plot of peak current of ferrocene-MeOH/GOx/glucose system in the presence of a range of anions (C) and 
cations (D). Reprinted with permission from Ref. [29]* Copyright Wiley and Sons, 2015.  
These effects arise from specific interactions between the electrolyte and amino acid residues in 
the FAD binding pocket, with the anions following both the polarisability sequence [35] and 
A C 
B D 
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Collins‟ Law of Matching Water Affinities (LMWA described below), while the cation effect 
can be explained by nteractions of the ions between the mediator and the active site. 
In a study utilising an Os mediator [38], F
-
, Cl
-
 and ClO4
-
 followed the same trend (Figure 4A). 
Similar trends were observed with Na
+
, K
+
, NH4
+
 when ClO4
-
 was used as counter ion. On 
replacing ClO4
-
  with SO4
2-
, different trends were observed, demonstrating the presence of 
specific ion pair effects [39]**. When comparing the response in NaCl and KCl (500 mM), a 
10% difference was observed, again emphasising the changes that can occur with commonly 
used electrolytes. 
 
 
 
 
Figure 4: (A, B) Cyclic voltammograms of ([Os(bipyridine)2(imidazole)Cl]
1+/2+
) in the presence (A) and absence of 
glucose (B), (1) 100 mM phosphate buffer with the addition of 500 mM (2) F
-
, (3) PO4
3-
, (4) SO4
2-
, (5) citrate, (6) 
Cl
-
, (7) NO3
-
, (8) ClO4
-
. (C) Effect of sodium salts (500 mM) on the oxidation current of the Os complex in the 
presence (a) and absence of GOx (b). Reprinted with permission from Ref. [31] Copyright Elsevier, 2016. 
A B 
C 
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3.  Most recent developments of Hofmeister series  
3.1 Collins' law of matching water affinity 
A wide range of papers and reviews devoted to explaining Hofmeister effects have been 
published, e.g. ref [40-42]. If a surface carries charged sites, ion specificity can be qualitatively 
understood by means of Collins' empirical rule, based on ion solvation effects and known as the 
'law of matching water affinities' (LMWA) [43]. Ions in solution can be defined as kosmostropic 
(order maker) when the interactions between the ion and water molecules are stronger than the 
interactions between water molecules or as chaotropic when the ion-water interactions are 
weaker (disorder maker). LMWA states that ion pairs are created only between chaotropic or 
kosmotropic ions (or charged groups) of opposite charge [44]. Chaotropic, positively charged 
His, Lys, Arg residues will preferentially interact with chaotropic anions (I
-
, ClO4
-
, SCN
-
) while 
kosmotropic Glu, Asp residues will preferentially interact with kosmotropic cations (Li
+
, Na
+
) 
[45]. While LMWA can provide a basis for understanding specific ion effects [43], the approach 
is not general and for example,  does not apply to neutral species. Proteins are complex with 
extremely heterogeneous surfaces (charged/uncharged, hydrophobic/hydrophilic). When the 
property of a protein, such as enzymatic activity, solubility, electrophoretic mobility, etc, is 
examined, the interaction between the ion and the protein surface can be complex [46]. A 
theoretical model to explain specific ion-protein interactions has been proposed [25, 47]. The 
model is based on two main types of interactions that occur at protein surfaces, physisorption 
and specific ion binding, that  are based on dispersion interactions in addition to electrostatic 
interactions [44].  
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3.2 Physisorption model 
The concentration profile, ci(z), of ion i at a distance z from the surface is given by the 
equilibrium Boltzmann distribution in a potential field: 
  ( )         [ 
 
 
( )
   
] 
 
where ci0 is the bulk concentration of the ion and  (z) its energy of interaction with the surface 
(i.e. excess chemical potential) which is comprised of two parts;  
 
 
( )     ( )    
   ( ) 
The first part is the usual electrostatic component, qi (z), determined by the charge qi of the ion 
and the electrostatic potential  (z) at that point. This term is the same for all ions with the same 
valence, and hence is not ion specific. The term  i
NES(z) describes the ion dispersion (non-
electrostatic) interaction energy which is determined by polarisability of the ion [44] and is 
modulated by the size of the ion [47]**. The ion dispersion interactions depend on the dielectric 
functions of water and protein molecules, they are ion specific and follow the Hofmeister series. 
 
3.3 Site binding model 
A general ion specific model for site binding has recently been proposed [48] and has been 
successfully used to explain cation specific aggregation of haemoglobin[15, 47]. Ion-specific site 
binding is modeled through competitive cation binding at carboxylate sites and anion binding to 
protonated amine sites:  
                                              -COOM  COO- + M+(sc, carboxylate site) 
-NH3X  -NH3
+
 + X
-
 (sa, amine site) 
  
The model assumes that cation binding at amine sites is weak and, likewise, that anion binding at 
carboxylate sites is negligible. Cations compete with hydrogen ions to bind to the carboxylate 
sites. The model calculates the total energy, Gsite = Gcsite + Gasite as the summation of the site 
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competitive energies of the carboxylate (sc) and amine sites (sa). The key point of the model is 
that both Gcsite and Gasite contain a term  i
NES(z), that is ion specific. This model is described in 
detail in [45, 47] and provides a theoretical base for the empirically based LWMA [25, 43]**.  
 
 
4. Conclusions and research opportunities 
While Hofmeister phenomena of proteins have been extensively examined, the range of such 
studies in bioelectrochemistry has been limited. The studies described here clearly demonstrate 
that the choice of supporting electrolyte affects the electrochemical properties of enzymatic 
systems in an ion specific manner. While a limited number of studies have been performed, 
detailed studies on ion specific effects on the electrochemical properties of cyt c and glucose 
oxidase have been described. The direct electron transfer of cyt c at a modified gold electrode is 
ion specific and the cation effect can be explained by the presence of attractive dispersion forces. 
The mediated electron transfer of glucose oxidase is also ion specific and the bell shaped cation 
trend can be explained by interactions between the mediator and the active site that are 
modulated by ions in solution. The response of a bioelectrochemical system that utilised 
ferrocene methanol as an electron transfer mediator with glucose oxidase [36], was strongly 
affected by the nature of the electrolyte. In control experiments, no effects on the faradaic 
response of the mediator itself were observed demonstrating that the ion effects were on the 
enzyme with no effects from solution viscosity or the diffusion coefficient [36]. In both cases, 
the trends observed with anions are in agreement with those predicted by LMWA and 
polarisability-dependent ion dispersion forces. Solution viscosity and the diffusion coefficient 
may need to be considered with redox proteins undergoing direct electron transfer For example 
the diffusion coefficient of bovine serum albumin is affected by the composition of the solution, 
with a 15% difference observed between NaF and NaSCN in 0.1 M salt [18]. The influence of 
ions on the rate of electron transfer at the electrode should also be considered. To the best of our 
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knowledge, no reports on the rate of electron transfer of proteins at electrode surfaces have been 
described. 
The results discussed here demonstrate that Hofmeister effects need to be carefully considered 
when examining the electrochemical properties of redox enzymes and in particular, the use of 
commonly used supporting electrolytes such as NaCl, KCl, NaClO4 or KClO4 needs to be 
carefully considered when comparing the performance of biosensors and biofuel cells. An 
important point to note is that when comparing the performance of biosensors and biofuel cells 
from different laboratories, the composition of the electrolyte should be considered. While the 
theoretical basis for Hofmeister effects has advanced significantly in recent years, predicting ion 
specific effects remains as a challenge and an opportunity. Quantitative studies to understand 
and to predict specific ion effects are necessary for the development of efficient biosensors and 
biofuel cells. 
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